Whether the Troxler effect (TE) has to do with interocular suppression and/or summation was studied with dichoptically matched (binocular or dioptic) and unmatched (monocular) stimulus presentations. Perceptual disappearance was found to occur more slowly under the binocular condition (mean = 14.2 s) than the monocular condition (mean = 8.4 s), but much faster than predicted by probability summation of the experimentally obtained latencies and durations of the TE in the monocular conditions (>27 s), suggesting a binocular inhibitory summation, the opposite of the binocular summation found with detection and contrast matching tasks [(Blake, R., & Fox, R. (1973) . The psychological inquiry into binocular summation. Perception and Psychophysics, 14, 161-185; Blake, R., Sloane, M., & Fox, R. (1981) . Further developments in binocular summation. Perception & Psychophysics 30,[266][267][268][269][270][271][272][273][274][275][276]]. In addition, Ss with poorer stereoacuity took longer to see the disappearance in the monocular condition, and showed a larger disparity between the TEs from the two monocular conditions, suggesting a contribution of interocular suppression to the TE.
Introduction
Following a few seconds of steady fixation, a stimulus in peripheral vision fades and in its place conscious perception ''fills in" the background. This phenomenon was first described by Troxler (1804) and is known as the Troxler effect (TE).
As a striking example of failures of salient stimuli to enter perceptual awareness, the Troxler effect has attracted increasing research interest in recent years (see Gonzalez, Weinstock, & Steinbach, 2007 for a brief review). Most studies were concerned with the stimulus conditions (e.g., contrast, size, salience) conductive to the TE. Some results from these studies were consistent with the earlier explanations of the phenomenon (e.g., Clarke & Belcher, 1962; Fry & Robertson, 1935; Millodot, 1967) in terms of the local sensory adaptation occurring in the retina or in lower centers of the visual pathways. The weight of the existing evidence, however, suggests that the perceptual fading and filling-in reveals mid-level visual information processing that culminates in surface completion (see Pessoa & De Weerd, 2003 for review) and is influenced by perceptual grouping and attention (De Weerd, Smith, & Greenberg, 2006; Lou, 1999) .
One aspect of the TE that can be easily demonstrated but has attracted little research interest so far is that the perceptual fading occurs faster and more frequently in the monocular than binocular viewing conditions (Gonzalez et al., 2007) . This observation is interesting because it suggests that interocular suppression, rather than local adaptation, might be involved in the TE in the monocular condition. Supporting this interpretation, Goldstein (1967) and Gonzalez et al. (2007) reported significant reduction in the TE in enucleated (one-eyed) subjects compared with that of normal subjects viewing with one eye. The authors attributed the reduction of the TE in one-eyed subjects to the lack of interocular suppression. They reasoned that if the TE were entirely due to adaptation in each single eye, it would be indistinguishable between binocularly normal Ss and in one-eyed Ss.
Aside from providing another test of the hypothesis of interocular suppression in the monocular condition, the question of central concern in the present study is whether binocular viewing weakens or enhances the adaptation in each monocular channel. Rozhkova, Nickolayev, and Shchadrin (1982) reported that identical stabilized stimuli of large size and high luminance presented to both eyes (the dioptic condition) did not lead to the rapid fading characteristic of monocular perception. They suggested that the large difference between the dioptic and monocular conditions could be due to either interocular suppression in the monocular condition or binocular cooperation in the dioptic condition. They were not able to tease apart these two possibilities, however, for lack of independent baseline conditions. In the case of the TE, the possibility of binocular cooperation has not been raised in the literature.
The issue is complicated by the fact that a reduction of the TE in the binocular condition relative to the monocular condition could be expected on purely statistical considerations-a possibility Blake and Fox (1973) referred to as binocular probability summation. That is, assuming the two monocular channels are independent of each other, the perceptual fading of a binocular stimulus would be slower because it happens only when the two monocular channels for the stimulus are simultaneously inhibited. This consideration of combined probability (probability summation) has been neglected by the previous studies (Forde & Mackinnon, 1975; Rozhkova et al., 1982 ) that claimed to have found, or suspected a role of interocular facilitation (or cooperation) in slowing or stopping perceptual fading.
The primary purpose of the current study is to investigate whether the TE is affected by any interocular interactions beyond what can be accounted for by binocular probability summation. For this purpose, the TE in the binocular condition will be compared with a simulation of binocular probability summation of the TE obtained in the monocular conditions. A slower and briefer disappearance of the peripheral stimulus in the binocular condition than the simulation will indicate a binocular facilitation in excess of the probability summation. On the other hand, a faster and longer-lasting disappearance might suggest a binocular inhibitory summation at working.
The second and related purpose is to provide evidence regarding whether interocular suppression underlies the TE in the binocular as well as monocular conditions. Inspired by Goldstein (1967) and Gonzalez et al. (2007) 's approach of comparing the TEs in binocularly normal Ss and one-eyed Ss, the current approach involves examining the correlation between stereoacuity and the TE. Stereoacuity, as a measure of stereopsis, can be adversely affected by poor coordination or balance between the two eyes (e.g., various forms of amblyopia), with loss of an eye being the extreme case. Accordingly, stereoacuity may be correlated with the TE such that in Ss of higher stereoscopic thresholds the TE occurs more slowly, with the longest latency found in one-eyed Ss. There has been no previous report of this specific correlation. The closest reported finding was a correlation between steroacuity and binocular rivalry, the alternations of dominance and suppression that occur when the two eyes receive incongruent stimuli (Halpern, Patterson, & Blake, 1987) : the rate of binocular rivalry was lower in Ss with poorer stereoacuity. The existence of such a correlation was taken as evidence for the position that binocular rivalry arises at least partly from interocular suppression (Blake, Westendorf, & Overton, 1980) and not entirely from stimulus competition. Similarly, the TE can be expected to occur less completely or more slowly in Ss of poorer stereoacuity if it is indeed mediated by interocular suppression, as suggested by Goldstein (1967) and Gonzalez et al. (2007) . In addition, an eye dominance test was also administered in the present study. It was thought that the dominant eye might be less influenced by interocular suppression than the non-dominant eye, and how well stereoacuity predicts the TE in the monocular condition might depend on whether the viewing eye is dominant.
Dichoptic stimulus presentations were used in the present study for comparing the TEs in the binocular and monocular conditions. In the binocular condition, the target stimulus was presented simultaneously to both eyes in the corresponding locations. In the monocular condition, the same homogeneous background was presented to both eyes but the target stimulus was presented to one eye only. Strictly speaking, this condition was monocular for the stimulus but not the background. The fading that occurs under this condition can be due to intraocular stimulus adaptation or interocular suppression, although the latter possibility is at odds with the classic view of what causes binocular rivalry. Levelt (1965) , for example, considered contour strength to be the determining factor for the dominance of an image from one eye over an incongruent image from the other eye in a binocular rivalry setting. Accordingly, the eye that receives a stimulus should attain 100% dominance over the other that receives a homogeneous background, and any perceptual fading that occurs in such a setting can only be attributed to intraocular stimulus adaptation, or what Levelt referred to as ''spurious fading". Gonzalez et al. (2007) , however, reviewed several sources of evidence in addition to their own study, and concluded that the even with a patched eye, the TE is not free from interocular suppression.
We presented the same background to both eyes instead of patching one eye because the resulting monocular condition seemed a fairer control for any background factors that may contribute to the TE in the binocular condition. Regardless of any interocular suppression, the monocular condition offers a baseline for assessing whether binocular facilitative or inhibitory summations of the TE occur when the same stimulus was presented to each of the two eyes (the binocular condition). In particular, finding a latency or duration of the TE in the binocular condition beyond that accounted for by interocular suppression and local sensory adaptation in the monocular condition would constitute powerful evidence against any binocular cooperation and in favor of a binocular inhibitory summation.
To anticipate the findings, the TE was found to occur faster in the binocular condition than estimated on the basis of binocular probability summation only, suggesting a binocular inhibitory summation at the neuronal level. Consistent with Goldstein (1967) and Gonzalez et al. (2007) , evidence was also found for smaller TE in the monocular condition in Ss with poorer stereoacuity, suggesting a role of interocular suppression.
Methods

Subjects
Eighty undergraduates were tested. Four of them withdrew during the testing because they had difficulties maintaining fixation. All remaining Ss had normal or corrected-to-normal visual acuity. Ten reported an early history of strabismus that was subsequently corrected. All ten of these had no problem correctly identifying the shapes in the random-dot stereograms designed by Julesz (1971, p. 272, Fig. 8 .1.1) viewed through a hand-held stereoscope.
Equipment
Stimuli were presented dichoptically with a mirror-stereoscope set-up that included two frontal surface mirrors and two 17 00 CRT monitors (NEC MultiSync FE772). Each monitor had a refresh rate of 60 Hz and a resolution of 1024 Â 768 pixels. The stimuli were viewed at an effective distance of 55 cm in a darkened room. Ss used a chin-rest with forehead support. The stimulus display and experimental control was programmed in Matlab with Psychotoolbox extension (Brainard, 1997; Pelli, 1997) .
Stimuli
The main stimulus ( Fig. 1 ) was a disc 0.8 deg in diameter and 2.7 deg above a cross-shaped fixation mark in the center of a gray square. The luminance of the disc was 38.5 cd/m 2 . The luminance of the square was 26.5 cd/m 2 , about 30% darker than the disc. The square was 12 deg wide on each side. To facilitate binocular fusion, each of the two squares had a dark border of 0.2 deg wide. In the binocular condition, each eye viewed the identical stimulus in the corresponding location. In the monocular condition, the stimulus was presented to one eye only with the other eye viewing the square frame containing only the fixation mark in the center. Fig. 1 . The stimulus display for dichoptic presentation in the experiment.
Procedure
The experiment started with a simple test for visual acuity at reading distance (Goldstein, 2002, p. 560) , a test for ocular dominance (to be described in more detail in Section 2.5), a ''first pass" test for stereopsis with a hand-held stereoscope, and a specially designed test of stereoacuity (to be described in more detail in Section 2.6).
The experiment then continued with the mirror stereoscope setup. To ensure satisfactory fusion of the two views, a sample display containing a gray square with a fixation mark in the center was presented dichoptically. Minor adjustments of the mirrors were sometimes performed to ensure that a single fixation mark was seen inside a single square. The Ss were then given instructions about the task, followed by three practice trials of a different stimulus condition each: binocular, left monocular, and right monocular.
All practice trials started with a binocular (dioptic) presentation of the square frame with the fixation mark. Upon a key press by the S, the disc was presented to one eye (the monocular condition) or both eyes (the binocular condition) in the corresponding locations, which were indistinguishable for the S. Both the latency (time to fade) and the duration of perceptual disappearance were measured (by requiring the S to press a key as soon as the stimulus disappeared completely from perception, and to press the key again when it reappeared). The maximum viewing time was 60 s. After the second key press (or the maximum viewing time) an empty grey screen replaced the stimulus display.
15 test trials followed the practice trials, 5 for each of 3 stimulus conditions, with a 10-s break between the trials. The sequence of the test trials was randomized. Throughout the test, the observer was repeatedly reminded to maintain fixation on the fixation mark. The experiment lasted between 35 and 50 min.
Eye dominance test
The ''Miles test" (Roth, Lora, & Heilman, 2002) was used for measuring eyedominance. The observer first extended both arms and brought both hands together to create a small opening. With both eyes open, the observer viewed a red disc about 2 cm in diameter on a wall about 3 m away through the opening. The observer then alternated in closing the left and the right eyes to determine which eye (i.e., the dominant eye) was viewing the disc.
''First-pass" stereopsis test
Ss viewed eight pairs of random-dot stereograms containing four different shapes (square, circle, diamond, and triangle) with two different relative depths defined by binocular disparity (from Julesz, 1971, p. 272) in random order with a hand-held stereoscope. The number of failures and errors in detecting the shapes and depths were recorded separately for each S.
Stereoacuity test
The stereoacuity test was designed so that the stimuli for the test closely resembled those used in the TE test to allow for a maximum correlation between the stereoacutity and the TE,. The stimulus display (Fig. 2) for the test consisted of a series of stereograms presented on a single 19 00 monitor and viewed with a stereocope (Screen Scope, Stereo Aids Co., www.stereoaids.com.au) mounted in front of the monitor, with an effective viewing distance of 32.5 cm. Each half of the stereogram consisted of four white discs on a gray square pedestal. Each disc was 0.6 deg in diameter, and centered on a corner of an invisible square with a radial distance of 1.86 deg from the fixation mark. One of the four discs was horizontally displaced from the corresponding disc presented to the other eye. There were six sets of stereograms that differed in horizontal disparity from 2.4 to 14.4 arc min, in steps of 2.4 arc min. Within each set, there were eight variants: four locations by two types of disparities (crossed vs. uncrossed). On each trial, observers viewed through the stereoscope and reported whether one of the four disks appeared to be in front of, or behind, the other three while maintaining fixation on the fixation mark. The test followed a step-wise procedure, starting from set 2 (4.8 arc min of disparity) and moving to a higher (smaller disparity) or a lower (larger disparity) set depending on whether the reported relative depth was correct, until the smallest perceivable disparity was found. Within each set, one of the eight stereograms was randomly selected for testing. The test was self-paced, with as much viewing time as needed on each trial. The procedure was repeated six times. The mean of the minimal disparities across the six repetitions was taken as a measure of the S's stereoacuity.
Results and discussion
For convenience, the following symbols will be adopted for the description and discussion of the results: L: Disappearance latency or time to fade D: Duration of disappearance Subscripts b, m, r, l refer, respectively, to the binocular, monocular, left monocular, and right monocular conditions of stimulus presentation. For instance, L m is the mean disappearance latency across the two monocular conditions, i.e., (L r + L l )/2, whereas D b is the disappearance duration in the binocular condition.
Effects of stimulus condition and eye dominance
The mean Ls and Ds in the binocular, left monocular, right monocular, and left monocular conditions are shown in Fig. 3 . ANOVAs were conducted in which L or D was predicted by one within-subject fixed variable (stimulus condition: binocular, left monocular, and right monocular), one between-subject fixed variable (ocular dominance: right-eye dominant and left-eye dominant), and one between-subject continuous variable or covariate (stereoacuity).
The mean L differed across the three stimulus conditions . Because L appears to be much more sensitive than D as a measure of the TE, subsequent analyses focused on L.
Eye dominance was found to have no statistically significant effect on L [F(1, 73) = .142, p > .05]. Nor was it found to interact with the other two predicting variables. This result is not surprising. Eye dominance was operationally defined as the asymmetry in sighting Fig. 2 . An example of dichoptically-presented displays for the stereoacuity test. in the current study. However, according to Mapp, Ono, and Barbeito (2003) , other criteria exist for defining eye dominance, such as the asymmetry in visual acuity and rivalry, and there has been no empirical evidence for correspondence between these different criteria. In retrospect, the asymmetry in rivalry (binocular rivalry or the TE) might be more relevant for defining eye dominance in the current study. Accordingly, an analysis on the TE asymmetry, both as a predicting variable and a function of stereoacuity, was in order.
The TE asymmetry was defined as jL r À L l j/(L r + L l ), the ratio difference in L m between the two eyes. This index was computed for each S and found positively correlated with both the mean L b [r(75) = 0.47, p < .01] and the mean L m [r(75) = 0.48, p < .01].
Effects of stereoacuity
The obtained stereoscopic thresholds (144-864 arc sec) were very high compared to the 40 arc sec commonly used to define normal stereoacuity. The higher stereoscopic thresholds were apparently due to the testing procedure that required steady fixation on the fixation mark throughout a trial, which makes the test essentially one that measures peripheral or extrafoveal stereoacuity. In contrast, the common clinical tests, such as Titmus test and Randot test are typically used for measuring optimal stereoacuity in foveal vision. The much larger stereoscopic thresholds obtained in the current study may reflect a drop in stereoacuity with eccentricity as steep as that of visual acuity (Ellerbrock, 1949) .
Overall, the higher the stereoscopic thresholds, the longer time it took for the TE to occur (see Fig. 4 ). Because there were errors in both variables, a bivariate regression estimation method (Bartlett, 1949) was used for assessing the relationship between stereoacuity and each of the following: condition, leading to longer empirical L b . Such a pattern would not be a problem, however, if, despite of the potential interocular suppression in the monocular condition, the simulated L b were longer than the empirical L b , because it could only suggest a binocular inhibitory process at work in the binocular condition.
With the experimentally obtained distributions of L m and D m from all 76 Ss, the simulated mean L b was at least 27 s, significantly longer than the empirical mean L b [14.2 s, 95% confidence interval = 12.0-16.4 s] (Fig. 5) . As can be seen from the bottom panel of Fig. 5 , the simulated L b had two peaks in its distribution: the first one was at 5 s, the same latency for the peak distribution of the empirical L m and slightly ahead of that for the empirical L b , and the second peak was at the very end of the distribution (60 s). The first peak was lower than that of either the empirical L m or the empirical L b , whereas the second peak was unmatched by the empirical L m and almost 5Â higher than that of the empirical L b . The second peak was apparently an artifact caused by the 60 s limit on viewing time in the monocular conditions. Without the time limit or with a longer one, the distribution would have a longer tail beyond the 60 s. What this distribution suggests is that the inhibitions in the two independent monocular channels either overlap early (<15 s), or they have little chance overlapping within the 60s latency cutoff. Both outcomes follow logically in the simulation, but it is the second outcome that is responsible for the discrepancy between the simulated mean L b and the empirical mean L b . Were the limit on viewing time set beyond 60 s, the simulated mean L b would surely be longer than 27 s.
The relative frequency of the two outcomes (early overlapping and non-overlapping within 60 s) is influenced by D m , the best estimate of the length of the inhibitory phase in the monocular conditions. The longer the inhibitory phase of one eye, the more likely it overlaps with the inhibitory phase of the other eye. The empirical mean D m was 2.7 s [95% confidence interval = 2.3-3.1 s]. In contrast, a mean D m at least 3.5 standard deviation longer (10.3 s) is needed for the simulated mean L b to approach 14.2 s, the empirical mean L b . Clearly, the discrepancy between the simulated mean L b and empirical mean L b cannot be accounted for by measurement errors of the D m . The best explanation for why the simulated mean L b is much longer than the empirical mean L b is that the assumption of independent monocular channels is invalid.
General discussion
Binocular inhibitory summation and binocular facilitative summation
That the experimentally obtained mean L b was shorter than the estimate based on binocular probability summation is reminiscent of the earlier findings of binocular summation with detection and contrast matching tasks (see Blake & Fox, 1973; Blake, Sloane, & Fox, 1981 for review) . Whereas binocular viewing increases the chance for detecting a sub-or near-threshold stimulus in excess of the combined probability of detection with two independent eyes, it seems also to increase the chance for perceptual disappearance (TE) in the same fashion. The effect of binocular vision in excess of probability summation can only be attributed to neuronal interactions in the binocular visual system. The interaction may be characterized as phase-dependent: In the initial phase of visual stimulation, binocular vision elevates the neuronal responses, leading to binocular facilitative summation, whereas in the adaptation phase, it depresses the neuronal responses, leading to binocular inhibitory summation.
One prediction about any neuronal binocular summation is that it should decrease in stereoblind individuals, assuming their two eyes function more or less independently from each other. Indeed, Lema and Blake (1977) found in their stereoblind subjects no lower contrast thresholds with binocular viewing than monocular viewing, in contrast to their normal subjects whose binocular thresholds were considerably lower than monocular thresholds. Similar results were reported by Westendorf, Langston, Chambers, and Allegretti (1978) with a forced-choice detection task. If the binocular inhibitory summation relies on the same neuronal network as does binocular facilitative summation, it can be expected to decline with poorer stereoacuity, leading to longer L b and larger L b À L m (''binocular edge" in sustained visibility). Unfortunately, our data did not afford a definite answer: the correlation between stereoacuity and L b was in the predicted direction, but not statistically significant, whereas no correlation existed between the stereoacuity and L b À L m . The lack of correlation was probably due to the narrow range of the stereoscopic thresholds that were cluttered around the lower values. It is also possible that a larger L b À L m can be obtained only in those who are completely and exclusively (with little complications) stereo-blind.
Although binocular summations do not seem to serve important visual functions by themselves, they may reveal a general operating principle of the visual sensory system: Factors that facilitate stimulus detection facilitate stimulus adaptation as well. As another example of this general operating principle, attention, which initially enhances perception (e.g., Carrasco, Ling, & Read, 2004) , exacerbates Troxler fading (De Weerd et al., 2006; Lou, 1999) and the fading of the afterimage (Lou, 2001) . Whether this similarity between the effect of binocularity and the effect of attention on temporally extended perception is indeed rooted in a common mechanism remains an empirical issue that warrants further investigations.
Interocular suppression, Troxler effect, and binocular rivalry
Another important finding from the current study was the correlation between the mean L m and stereoacuity. The existence of the correlation supports Goldstein (1967) and Gonzalez et al. (2007) 's proposed mechanism of interocular suppression for the TE in the monocular condition. Assuming stereovision is mediated by interocular suppression, poorer stereoacuity implies less suppression and thereby longer L m , which is exactly what was found. Equally suggestive was the larger disparity in L between the two monocular conditions (jL r À L l j/(L r + L l )) found in the subjects of poorer stereoacuity. The existence of such a correlation is consistent with the evidence for strongly asymmetrical interocular suppression in stereoblind patients (Norcia, Harrad, & Brown, 2000) , and the well-known fact that in its extreme form (e.g., amblyopia) poor stereovision is often associated with a complete take-over in visual sensitivity by one of the two eyes.
As far as we know, the correlation between the TE and steroacuity has not previously been reported. As mentioned in the introduction, a correlation is known to exist between stereoacuity and the rate of binocular rivalry (Halpern et al., 1987) . Evidence also exists for a correlation between the rate of Troxler fading and the rate of binocular rivalry (Goldstein, 1968) . Therefore it is not entirely surprising to find that the TE is correlated with stereoacuity in the same way as binocular rivalry.
Binocular rivalry has been a special topic in vision research and has been extensively studied over many decades. It is now widely believed that binocular rivalry entails competitions at multiple neural sites, including the sites that retain eye-selective information and the sites that deal with stimulus grouping (Tong, Meng, & Blake, 2006) . For a long time, the Troxler effect was considered a different phenomenon, resulting mainly from intraocular local stimulus adaptations. It has been known, however, that grouping and attention affect the TE (De Weerd et al., 2006; Lou, 1999) as well as the suppression in binocular rivalry (Kovács, Papathomas, Yang, & Fehér, 1996; Ooi & He, 1999) . From this perspective, the contribution of the current study is the suggestion of a common interocular inhibitory mechanism (interocular suppression) underpinning both phenomena. There seems to be more in common between the binocular rivalry and the Troxler effect than is customarily granted.
Conclusion
The Troxler effect occured more slowly in the binocular condition than in the monocular condition. Far from supporting the idea of binocular facilitation or cooperation, the longer TE latency in the binocular condition is shorter than what would be expected from the probability summation of independent monocular inhibitory phases. Therefore, a binocular inhibitory summation (a speed-up of adaptation in one monocular channel by the adaptation in the other), must be postulated in the binocular condition. In the monocular condition, the TE latency is longer in Ss with poorer stereoacuity, suggesting a contribution of interocular suppression to the TE--a conclusion reached earlier by Goldstein (1967) and Gonzalez et al. (2007) with a different experimental logic.
